Doxorubicin (DOX) is a potent chemotherapeutic agent used to treat colon cancer. Despite impressive initial clinical responses, drug resistance has dramatically compromised the effectiveness of DOX. However, the underlying mechanisms of chemotherapeutic resistance in colon cancer remain poorly understood.
Background
Colon cancer is a common malignant tumor, and the resultant mortality rate is the third highest of that of all cancers [1] . Despite continuous improvements in cancer-fighting strategies, chemotherapy remains the preferred treatment with prolonged patient survival [2] . However, tumor cells inevitably become resistant to chemotherapeutic drugs, due to the triggering of inner self-protection mechanism referred to as multidrug resistance (MDR) [3] . DOX has emerged as a vital chemotherapeutic agent in the treatment of colon cancer as it inhibits RNA and DNA synthesis in colon cancer [4] . MDR, whether inherent or acquired, has become the greatest challenge for effective systemic therapy in colon cancer [5, 6] . When dealing with MDR, clinicians usually choose to increase the dose of drugs to increase topical drug concentration in the cancer region. However, this approach can lead to systemic toxicity [7] . Therefore, it is of great importance to improve the efficiency of drugs used to treat cancer by inhibiting mechanisms of MDR.
MicroRNAs (miRNAs) are endogenous non-coding single-strand RNAs that negatively regulate gene expression through binding to their 3'-untranslated regions (3' UTRs) [8] . Key miRNAs involved in biological processes, such as proliferation, apoptosis, invasion, metastasis, and drug resistance are dysregulated in various cancers [9, 10] . It is known that miR-222-3p plays a pivotal role in tumorigenesis in a diverse range of cancers including those of the pancreas, liver, stomach, and breast cancer [11] [12] [13] [14] . Through regulating the expression of downstream DOX targets, such as PTEN, p27, BCL-2, Bax, and BIM, miR-222-3p could promote the progression of MDR [15, 16] .
However, little is known about the role of miR-222-3p in circumventing MDR in colon cancer. In this study, we investigated miR-222-3p expression in DOX-sensitive (LoVo/S) cells and DOX-resistant (LoVo/ADR) cells. We also explored the function of miR-222-3p in DOX resistance and potential causative mechanisms in vitro and in vivo.
Material and Methods

Cell culture
The LoVo/S human colon cancer cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). LoVo/S cells were exposed to DOX (Meilun, Dalian, China) at an initial concentration of 0.025 mg/L. Subsequently, surviving cells, which were tolerant to DOX, were selected and cultured in DOX at twice the previous concentration. This procedure was repeatedly applied to the cells until they could grow well in the presence of 1.0 mg/L DOX, at which time LoVo/ADR (resistant) cells were successfully established. The LoVo/ADR cells were continuously exposed to DOX for maintenance of resistance. The cells were cultured in high-sugar DMEM (HyClone, Logan, UT, USA) with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 8 mg/mL penicillin, and 8000 U/mL streptomycin at 37°C in a humidified 5% CO 2 incubator.
RNA infection
To establish cell lines with stable knockdown, lentiviruses expressing miR-222-3p inhibitors against miR-222-3p and the negative control (NC cells) sequence were constructed from Genechem Co., Ltd. (Shanghai, China). LoVo/ADR cells were infected with a mixture of the lentiviruses (multiplicity of infection, 40) and 5 μg/mL polybrene. After 72 hours, the infected cells (refer to as LoVo/ADR + miR-222-3p inhibitors cells) were used for further analysis. Meanwhile, lentiviruses expressing siRNAs (small interfering RNAs) against forkhead box protein P2 (FOXP2) (5'-AACTATGAATTTTATAAAAATGC-3') were also utilized in LoVo/ADR + miR-222-3p inhibitors cells, to establish FOXP2-inhibited cells (referred to as LoVo/ADR + miR-222-3p inhibitors+si-FOXP2 cells).
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from cells using RNAiso reagent (Takara, Tokyo, Japan) and then subjected to reverse transcription reaction using the BuSuperScript RT Kit (Biouniquer Technology, Nanjing, China). Then quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the SYBR Premix Ex Taq kit (Takara) following the manufacturer's instructions. The specific primers for mature miR-222-3p were as follows: 5'-CAGTGCGTGTCGTGGAGT-3'. Relative mRNA expression was quantified as compared to internal control U6 using comparative CT method.
Western blotting
Total proteins from cells were lysed with RIPA buffer (Biouniquer Technology). Lysates were then separated by SDS-PAGE, and proteins were further transferred onto PVDF membranes (Sigma, Germany). After 5% non-fat dry milk blocking and overnight incubation with primary antibodies FOXP2, P-glycoprotein (P-gp), caspase-3, cleaved caspase-3, PARP, cleaved PARP, and GAPDH (1: 1000; Cell Signaling Technology). The blots were detected using appropriate secondary horseradish peroxidase-conjugated secondary antibodies (Sigma) and visualized by enhanced chemiluminescence detection (Millipore Corp., Billerica, MA, USA).
Cell Counting Kit 8 (CCK-8) assay
Cells were cultured in 96-well plates at a density of 3000 cells/ well for 24 hours. Then, the cells were treated with different concentrations of DOX (64, 32, 16, 8, 4, 2, or 1 μg/mL). Cells were quantified after 48 hours using the Cell Counting Kit 8 (CCK-8) assay (Donjindo, Kumamoto, Japan) and a microplate reader at the absorbance of 450 nm.
5-ethynyl-2'-deoxyuridine (EdU) assay
Cells were seeded into 6-well plates at a density of 1×10 6 cells/well. After 24 hours, the cells were treated with 8 μg/mL DOX for 24 hours and cultured for another 24 hours, and subjected to the EdU (5-ethynyl-2'-deoxyuridine) assay (Ruibo, Guangzhou, China).
Wound closure assay
Cells were seeded into 6-well plates and cultured to 80-90% confluence. The cell monolayer was then scratched in a straight line with a 200-μL pipette tip to create a wound, and subsequently cultured with 8 μg/mL DOX. Images were taken 0 and 24 hours after the scratch.
Transwell migration assay
Cells were treated with 8 μg/mL DOX for 24 hours. Subsequently, cells were cultured in DMEM supplemented with 10% FBS for another 24 hours. Cells were harvested (5×10 4 ) in 200 μL of serum-free medium and added to the top Transwell chambers with 8 μm pores in 24-well plates (Corning Incorporated, Corning, NY, USA). Migration was induced by the 10% FBS medium in the bottom chambers. After 24 hours, the cells were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. The migrated cells were counted in 5 different fields using an inverted microscope (Nikon, Tokyo, Japan).
Flow cytometry
Cells were seeded into 6-well plates at a density of 1×10 6 cells per well and cultured for 24 hours. Cells were then treated with either fresh DMEM or 8 μg/mL DOX. After incubation for 24 hours, cells were stained with an Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit (Keygen, Nanjing, China). The staining of cells was assessed by flow cytometry.
In addition, to evaluate the interaction of miR-222-3p and FOXP2, the LoVo/ADR cells infected with miR-222-3p inhibitors were again treated with siRNA-FOXP2, before being analyzed by CCK8, EdU assay, and flow cytometry as described.
Dual-luciferase reporter assay
The candidate target genes of miR-222-3p was predicted using TargetScan software program. LoVo/ADR cells were transfected with wild-type or mutant FOXP2-3'UTR region plasmid along with miR-222-3p mimic. A commercial dual luciferase assay kit was used to detect luciferase activity following transfection for 24 hours according to the manufacturer's instructions.
In vivo anti-tumor assay
Male nude mice were purchased from the Experimental Animal Centre of Southern Medical University and were randomly divided into 3 groups (LoVo/S, LoVo/ADR, and LoVo/ADR + miR-222-3p inhibitor, n=3). To develop the tumor model, cells were injected into the right flank of mice at density of 2×10 6 cells. Following the successful generation of tumor-bearing mice, DOX (5 mg/kg) was administered via tail vein injection every 2 days. To further test the relationship between FOXP2 and miR-222-3p, another 2 groups (miR-222-3p inhibitors and miR-222-3p inhibitors + si-FOXP2) were utilized. After 21 days, all treated mice were sacrificed with a pentobarbital overdose, and the tumor volume and weight recorded. All animal experiments were performed according to our institution's guidelines for the use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of Southern Medical University.
Immunohistochemistry
To investigate the expression of apoptosis protein in tumor tissue, a standard 2-step immunohistochemistry was performed. Primary antibodies against cleaved caspase-3 (1: 100) were incubated with sections overnight, and Mayer's hematoxylin was used for nuclear counter staining.
Statistical analysis
Data were expressed as means ± standard deviation and analyzed by SPSS 22.0 software (SPSS, Chicago, IL, USA). All experiments were repeated at least 3 times with comparable results, unless indicated otherwise. Statistical evaluation of the data was performed using the unpaired Student's t-test and one-way ANOVA. Differences were considered significant when P<0.05.
Results miR-222-3p inhibitors partially alter the DOX/ADRresistance of colon cancer cells
From qRT-PCR assay, we found that miR-222-3p was upregulated in the LoVo/ADR cells compared to the LoVo/S cells (P<0.01), while infection with miR-222-3p inhibitors significantly reduced miR-222-3p expressions (P<0.01) ( Figure 1A ). Compared to the LoVo/S cells, the LoVo/ADR cells showed enhanced tolerance to DOX, however, this resistance was inhibited after treatment with miR-222-3p inhibitors ( Figure 1B, P<0.01) . From the CCK8 assay, we found that the proliferative ability of the LoVo/ADR group was significantly higher than that of the LoVo/S group (P<0.001) ( Figure 1C ). Interestingly, LoVo/ADR cells infected with miR-222-3p inhibitors exhibited markedly reduced proliferative ability compared with those of the LoVo/ADR cells (P<0.001). EdU incorporation assays showed that the number of EdU positive cells were higher in the LoVo/ADR cells than in the LoVo/S cells, but again decreased with treatment of miR-222-3p inhibitors ( Figure 1D ). Xenografted LoVo/ADR cells showed larger tumor volume and higher tumor weight, than did xenografted LoVo/S cells ( Figure 1E-1G) . Moreover, the expression of caspase-3, a classic apoptosis marker, showed a similar tendency ( Figure 1H ). Consistently, proliferation abilities were suppressed by miR-222-3p inhibitors ( Figure 1E-1H ).
miR-222-3p inhibitors altered the migration and antiapoptosis abilities of the LoVo/ADR cells
The migration ability of the LoVo/ADR cells was significantly greater than that of the LoVo/S cells (Figure 2A) . Following depletion of miR-222-3p, decreased cell migration was observed in the LoVo/ADR + miR-222-3p inhibitor cells, compared to that in the LoVo/ADR cells. Consistently, Transwell migration assays showed a similar tendency ( Figure 2B, 2C ). The total and early apoptotic rates of the LoVo/ADR cells were significantly increased compared with those of the LoVo/S cells (P<0.001) ( Figure 2D-2F) , while miR-222-3p inhibitors again significantly decreased the apoptotic rates compared with those of the LoVo/ADR cells (P<0.001) ( Figure 2D-2F ).
FOXP2 is a direct target of miR-222-3p
By searching TargetScan database, FOXP2 was found to be a potential target gene of miR-222-3p. The dual luciferase reporter showed a significant decrease in luciferase activity of the wild-type vector, whereas mutation in the putative binding site in the 3'UTR region of FOXP2 abrogated the suppressive ability of miR-222-3p, verifying that miR-222-3p regulates endogenous FOXP2 by directly binding to its 3' UTR region ( Figure 3A, 3B) . To identify mechanisms of miR-222-3p action, the expression of FOXP2, P-gp, caspase-3, PARP, cleaved caspase-3, cleaved PARP, and Bax was analyzed by western blotting ( Figure 3C ). 
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Compared to the LoVo/S group, the expression of FOXP2 was dramatically downregulated, while P-gp showed a relatively higher expression in the LoVo/ADR group. Furthermore, the expression of cleaved caspase-3, cleaved PARP, and Bax in the LoVo/ADR cells was significantly lower than that in the LoVo/S cells. Interestingly, the expression of FOXP2, P-gp, cleaved caspase-3, P-gp, and Bax was markedly reversed in the LoVo/ADR cells and the LoVo/ADR + miR-222-3p inhibitors cells.
Downregulation of FOXP2 rescues the effect of miR-222-3p inhibitors
To assess the relation between miR-222-3p and FOXP2, we performed cell proliferation assays in the miR-222-3p inhibitor LoVo/ADR cells with the addition of si-FOXP2 or si-NC. Cell viability, cell proliferative ability, and the number of EdU positive cells in the si-FOXP2 group were significantly increased compared to that in the si-NC group ( Figure 4A-4C ), whereas the cell apoptosis rate was significantly reduced ( Figure 4D ). Furthermore, with the downregulation of FOXP2, the expression of cleaved caspase-3, cleaved PARP, and Bax in the LoVo/ ADR cells were significantly depleted, with upregulation of P-gp ( Figure 4E ). From the in vivo assay, the si-FOXP2 group showed higher proliferation, resulting in larger volume and heavier weight ( Figure 4F-4H) . Moreover, the expression of caspase-3 showed a similar tendency ( Figure 4I ).
Discussion
Many studies have suggested that aberrant miRNA expression is strongly associated with drug resistance [9, 17, 18] . Some studies have indicated that miR-222-3p is markedly upregulated in DOX/ADR-induced drug resistant breast cancer cells, while reduction of miR-222-3p inhibited this resistance ability [14] [15] [16] .
Other studies have shown that miR-222-3p confers cisplatin, tamoxifen, and fulvestrant resistance in cancers [19, 20] . In our study, miR-222-3p was selected as a candidate marker for DOXresistance in colon cancer cells. It was shown that miR-222-3p expression was significantly higher in the LoVo/ADR cells than in the LoVo/S cells. Further investigation showed that the downregulation of miR-222-3p could alter the sensitivity of the LoVo cells to DOX. These findings indicated that miR-222-3p expression was associated with DOX-resistance in colon cancer. To determine the biological significance of miR-222-3p-induced drug resistance to DOX, we studied the effect of miR-222-3p on cell proliferation and metastasis in LoVo cells. Our in vitro experiments showed that DOX-resistance was closely correlated with increased proliferative capacity and metastasis in LoVo cells, and inhibition of miR-222-3p expression suppressed the vitality and migration of LoVo/ADR cells. The growth-suppression effect of miR-222-3p depletion was confirmed by in vivo tumor growth assays.
Cancer develops because of an imbalance between cell growth and death. Therefore, another important mechanism by which cancer cells develop resistance to therapeutic intervention is through apoptosis evasion [21, 22] . To delineate the molecular Our results showed that the LoVo/ADR cells had considerably fewer Annexin V-positive cells than the LoVo/S cells. When miR-222-3p was knocked down, we observed an increase in the LoVo/ADR apoptotic rate. Consistently, expression levels of well-defined apoptosis protein markers, including Bax, cleaved PARP, and cleaved caspase 3, were markedly reduced in the LoVo/ADR cells, and increased upon silencing of miR-222-3p. Taken together, these results suggested that miR-222-3p may enhance drug resistance by eliciting apoptosis in LoVo cells.
The most common cause of drug resistance in cancer is acquired mutations or overexpression of transport proteins during cancer progression. P-gp is such a protein, as it can actively transport drugs out of cells, effectively reducing intracellular drug accumulation and concentration, leading to chemotherapy resistance [20] . Accumulating evidence suggests that aberrant P-gp expression is involved in MDR of cancer therapy [23, 24] . In other words, MDR is reflected in the negative correlation between P-gp expression and chemosensitivity of cancers. In our study, upregulation of P-gp was detected in LoVo/ADR cells. Furthermore, miR-222-3p depletion reversed the increased expression of P-gp. These results suggested that miR-222-3p might promote the efflux of cytotoxic drugs by upregulating P-gp expression, and it should be considered as a novel P-gp inhibitor to reverse cancer drug-resistance.
To explore the mechanisms underlying drug resistance in colon cancer by miR-222-3p, we identified its potential target genes. With predicted programmer and experimental luciferase assays, miR-222-3p was found to directly bind to 3'-UTR of FOXP2 in vitro. FOXP2 transcription factor is a member of FOXP gene subfamily which all have a C-terminal winged helix forkhead DNA binding domain and it has been previously shown to regulate embryonic development and cell cycle via many neurogenesis signaling pathways such as Hedgehog, Wnt, and Notch pathways [25, 26] . Prior investigations have shown that FOXP2 gene functions as a tumor suppressor in breast cancer, gastric cancer, bone cancer, and liver cancer [27] [28] [29] [30] . It was also revealed that FOXP2 was negatively regulated by miR-190 in gastric cancer [28] . In this colon cancer study, we, for the first time, have shown that FOXP2 protein was downregulated in LoVo/ADR cells compared to LoVo/S cells. Furthermore, our experiment indicated that suppression of endogenous miR-222-3p in LoVo/ADR cells effectively promoted FOXP2 protein expression levels. This suggests that a potential interaction between miR-222-3p and FOXP2 might contribute to drug-resistance in colon cancer. To confirm this hypothesis, functional experiments were performed and showed that knockdown of FOXP2 in LoVo/ADR cells with low levels of miR-222-3p contributed to the enhancement of drug-resistance to DOX by inhibiting cell apoptosis and facilitating cell growth in vitro and in vivo. The present study might be the first to show miRNA-222-3p enhancing the drug resistance of colon cancer to DOX by downregulating FOXP2 expression.
Conclusions
We have shown that miR-222-3p was significantly upregulated in DOX-resistant cells. Moreover, knockdown of miR-222-3p expression constrained proliferation, metastasis, and caused cell death by apoptosis in DOX-resistant cells. Most importantly, our data revealed that miR-222-3p enhanced chemoresistance by suppressing FOXP2 expression in colon cancer cells. These results suggest that miR-222-3p could present a critical therapeutic strategy to enhance chemosensitivity for DOX treatment in colon cancer.
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